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A hybrid system of a semiconductor quantum dot single photon source and a rubidium quantum memory rep-
resents a promising architecture for future photonic quantum repeaters. One of the key challenges lies in match-
ing the emission frequency of quantum dots with the transition frequency of rubidium atoms while preserving
the relevant emission properties. Here, we demonstrate the bidirectional frequency-tuning of the emission from
a narrow-linewidth (close-to-transform-limited) quantum dot. The frequency tuning is based on a piezoelectric
strain-amplification device, which can apply significant stress to thick bulk samples. The induced strain shifts
the emission frequency of the quantum dot over a total range of 1.15 THz, about three orders of magnitude
larger than its linewidth. Throughout the whole tuning process, both the spectral properties of the quantum dot
and its single-photon emission characteristics are preserved. Our results show that external stress can be used
as a promising tool for reversible frequency tuning of high-quality quantum dots and pave the wave towards the
realisation of a quantum dot – rubidium atoms interface for quantum networking.
Semiconductor quantum dots (QDs) are among the best
deterministic sources of quantum light as they generate sin-
gle photons1–4 and entangled photon pairs5–7 with high pu-
rity and indistinguishability. An additional strength of QDs is
that they can be integrated into cavities and waveguides using
well-established semiconductor technology1,2. To integrate
the photon sources into long-distance photonic quantum net-
works, it is imperative that the single photons from two remote
sources have the same frequency. This condition can hardly
be met in the growth process – there is a spread of quan-
tum dot size and composition leading to a spread in emission
frequency8,9. Therefore, frequency tuning of individual quan-
tum emitters is required. Furthermore, the photons should be
indistinguishable, a condition which places a stringent con-
dition on the emitter: the noise should be low enough that
the spectral linewidths are transform limited. Promising can-
didates are GaAs/AlGaAs QDs10: close-to-transform-limited
linewidths have been achieved11. Moreover, the QD emission
frequencies are spectrally close to the rubidium D1 and D2
lines11–14 such that a hybrid system, a QD as single photon
emitter15 and a Rb-ensemble as memory element16, can be
conceived17. Implementing such a hybrid system hinges on
both QD frequency-tuning and narrow QD linewidths16.
Different methods have been developed for frequency tun-
ing of QDs. Applying an electric field to a QD integrated
in a diode structure can adjust its emission frequency via the
quantum-confined Stark effect18,19. Despite many successful
implements on the InAs/GaAs QD platform4,18,19, this charge
tuning method is much less investigated on GaAs/AlGaAs
QDs11,20,21. Furthermore, when a QD is in tunnel con-
tact to a highly-doped gate, the QD’s charge-state undergoes
serval discrete jumps as the gate voltage increases, limit-
ing the range of electric field that one can apply to a cer-
tain exciton charge-state – and therefore the Stark shift. For
InAs/GaAs QDs, the range of the Stark shift is typically be-
low∼ 0.1 THz22–24; for GaAs/AlGaAs QDs, the largest range
of Stark tuning reported so far is ∼ 0.24 THz11. Another ap-
proach is to shift the emission frequency by applying an ex-
ternal stress5,25–27. The original approach25 applies a stress
by bonding a bulk sample to a piezo-stack to which a voltage
is applied at low temperature. In this scheme, application of
stress does not introduce additional noise, for instance charge
noise in the semiconductor, and the narrow QD linewidths
of the starting material are expected to be preserved. How-
ever, the tuning range is rather small (' 0.1 THz12,25). Much
larger tuning ranges (up to 20 THz28) have been achieved on
QDs in nano-membranes29–31, or in other nanostructures32
such as nanowires33. But the membranes tend to have
much higher levels of charge noise than the starting mate-
rial, and, therefore, QDs with broader linewidths29. While
successively emitted photons may demonstrate high levels of
indistinguishability34, the coherence of the photons falls off as
the delay increases. Also, it becomes very difficult to interfere
two photons from separate QDs35 as the charge environments
are completely uncorrelated. Achieving narrow linewidths
in membranes is challenging although recent progress has
been made36. To date, there is still no successful demonstra-
tion of large-range strain tuning of GaAs QDs with narrow
linewidths. For GaAs QDs, the spectral width of the ensem-
ble of QDs is typically ∼ 5 THz and careful calibration of the
growth can control the central frequency to less than 1 THz14.
In a photon memory application, it is desirable to bring a sig-
nificant fraction of the QDs into resonance with the 87Rb D1
or D2 line16,37. Therefore, a stress-based tuning range of about
1−2 THz is needed. At the same time, the technique to apply
stress should not induce any additional noise.
In this paper, we present a device which allows strain tuning
of a QD embedded in a 100 µm-thick sample. Such a bulky
sample is advantageous for minimising the charge noise since
the QDs are sufficiently far away from all surfaces. We show
reversible tuning of the QD’s emission frequency over a range
of 1.15 THz – about a thousand times more than its linewidth
(∼ 1.26 GHz). The QD linewidth is close to the transform
limit (∼ 1 GHz) and remains at this low level on inducing the
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2FIG. 1. (a) A sketch of the strain-amplification device. Three PZT piezoelectric stacks are mounted in parallel on a C-shaped titanium holder.
The sample is glued over a narrow gap separating two movable blocks. (b) Photoluminescence (PL) from a QD around the rubidium-87 D1
line (794.98 nm). The QD can be tuned bidirectionally as a function of the voltage applied to the PZT stacks. (c) A PL spectrum of the GaAs
QD at zero applied stress.
large external strain. This frequency tuning is demonstrated
on several QDs. Additionally, we show that the QD is a good
single-photon emitter throughout the entire tuning range.
The GaAs/AlGaAs QD sample is fabricated by molecular-
beam epitaxy on a GaAs (001) wafer using local droplet
etching38,39. Unlike the commonly used Stranski-Krastanov
growth-mode, the formation of droplet-etched QDs does not
rely on lattice-mismatched heteroepitaxy, making the system
favourable in many aspects10 such as absence of the residual
strain39,40, and ease in controlling the shape of the QDs41,42.
After a GaAs buffer is deposited, the growth of the QD het-
erostructure starts with a 120 nm-thick Al0.4Ga0.6As barrier
layer, on which 0.5 monolayer (ML) of aluminium is de-
posited at a growth rate of 0.5 ML/s in an arsenic-depleted
ambience. The Al atoms migrate and form Al-droplets on the
Al0.4Ga0.6As surface. The substrate material beneath an Al-
droplet is unstable, initialising nano-hole formation38. To fa-
cilitate this process, the sample is annealed at 600 ◦C for sev-
eral seconds. Then arsenic is supplied again to recrystallise
the Al-rich etching residual to avoid defects. Subsequently, a
2 nm-thick GaAs layer is deposited at a rate of 0.1 ML/s. Dur-
ing a two-minute annealing step, diffusion into the nano-holes
takes place. The filled nano-holes are finally capped with an-
other thick Al0.4Ga0.6As barrier to form optically active QDs.
In order to induce strain into the sample, we employ a
home-built strain-amplification device following the design of
Hicks et al.43. It is composed of three conventional lead zir-
conate titanate (PZT) piezoelectric stacks (Fig. 1(a)). The de-
vice has a footprint of 24 mm × 24.5 mm, well-matched to
the size of typical low temperature nano-positioners (e.g. at-
tocube ANPx101/LT). The PZT stacks have equal lengths of
L= 9 mm and are glued onto a C-shaped titanium holder. The
holder itself is fixed to the nano-positioners. The other ends
of the PZT stacks connect to two movable titanium blocks,
which are separated by a gap d = 0.5 mm. The sample (me-
chanically thinned down to 100 µm thick) straddles this gap:
it is glued firmly in place. To glue the PZT stacks and the
sample, we use a two-component epoxy resin adhesive (Uhu
Plus Endfest 300). Upon applying a positive (negative) volt-
age, the central PZT stack extends (contracts) while the outer
ones contract (extend), applying a compressive (tensile) stress
to the sample. The three PZT stacks are connected to same
electrodes, such that they all move simultaneously, minimis-
ing the shear strain. By making the cross-sectional area of the
central PZT stack twice as large as the outer ones, the force
applied to the sample is balanced and therefore the sample
displacement in its centre is minimised. The parallel arrange-
ment of PZT stacks also minimises the strain induced by the
cooldown process43: when no piezo-voltage is applied, the
QDs remain almost strain-free at cryogenic temperature. Ow-
ing to the fact that the PZT stacks are longer than the width
of the gap, QDs in the gap region experience an amplified ef-
fective strain28. Assuming the sample stiffness to be much
smaller than that of the PZT stacks, we expect, in the ideal
case, εeff = (2L/d) εPZT, with εeff and εPZT denoting the ef-
fective strain in the GaAs located above the gap, and the strain
of the PZT stacks, respectively. In this ideal limit, the ampli-
fication factor is 2L/d = 36. At a voltage of +150 V, the un-
loaded PZT stack achieves εPZT =−1.20×10−3 at 300 K. At
4 K, the PZT stack performance reduces by a factor of∼1044.
Thus, we estimate that the device achieves εeff ∼ −4× 10−3
on applying +150 V at 4 K.
We carry out photoluminescence (PL) and resonance flu-
orescence measurements on individual QDs with a confocal
dark-field microscope45. The strain-amplification device is
housed in a liquid helium cryostat and cooled down to 4.2 K.
Helium gas (25 mbar at room temperature) is used as a heat
exchanger between the liquid helium and the entire strain-
amplification device.
The PL measurements are performed under above-band
excitation with a weak 632.8 nm He-Ne laser (intensity '
42 nW/µm2). We look for QDs in the central region of
the gap, where QDs experience the largest strain. The QD
emission is collected by an aspheric objective lens (numerical
aperture NA = 0.71) and is sent to a spectrometer. A typi-
cal emission spectrum of a droplet-etched GaAs/AlGaAs QD
is depicted in Fig. 1(c), where we identify two characteristic
narrow lines8,12: the neutral exciton (X0) and the positively
charged trion (X+). We apply voltages of up to ±143 V to
the PZT piezo-stacks and record PL emission of the QD. As
shown in Fig. 1(b), the X0 and X+ lines are red-shifted (blue-
shifted) in parallel by around 1.38 nm (1.08 nm) when expe-
3riencing tension (compression). In principle, larger stress is
achievable if one further increases the voltage applied to the
PZT stacks. However, we experienced issues due to electri-
cal breakdown of the helium exchange gas when the voltage
exceeded ∼ ±180 V. A higher voltage (up to ± 300 V) can
potentially be applied to the PZT stacks if one reduces the
pressure of the helium gas.
Resonance fluorescence measurements are performed on
X+ by scanning the frequency of a narrow-bandwidth
continuous-wave (CW) laser across the QD resonance (in-
tensity ' 42 nW/µm2). A very weak non-resonant laser
(λ = 632.8 nm, intensity < 0.8 nW/µm2) illuminates the
QD constantly during the scan, helping to stabilise the charge
environment12,46. From a Lorentzian fit to the measured
fluorescence intensity we determine the frequency and the
linewidth of the X+ (Fig. 2(d)). The resonance frequency can
be tuned bidirectionally as a function of strain. By applying
±143 V voltage to the piezo-stack, the X+ frequency is shifted
over a total range of ∆ f = 1.15 THz (4.8 meV) (Fig. 2(a)).
The frequency shift per volt (∼ 4 GHz/V) is 20-times larger
than with the original method12,25 (∼ 0.2 GHz/V), in which
the sample is glued directly onto a PZT piezo-stack. This am-
plification is slightly smaller than the factor 2L/d = 36. With
our device, it is possible to address the 87Rb D1 transition (or-
ange dashed line in Fig. 2(a)) with a QD which is originally
far off-resonance. The strain tuning in Fig. 2(a) shows a small
non-linearity28: the shift of QD frequency is larger at −143 V
(tension) compared to at +143 V (compression). The origin
of the non-linearity is unknown. It may be a property of the
PZT stacks at 4 K.
The tuning of the QD emission energy ∆E with strain ε
can be calculated from the Pikus-Bir Hamiltonian47. We
assume that the valence state has pure heavy-hole charac-
ter and that the strain-dependence of the QD emission en-
ergy follows the strain-dependence of the GaAs band gap.
In the simple case of a stress applied along the [100] direc-
tion, ∆E = (ac− av)tr(ε)+ b2 (2εzz− εxx− εyy), where ac, av
stand for the hydrostatic deformation potentials of the con-
duction band and valence band, respectively, and b represents
the shear deformation potential47. For a uniaxial stress along
the [100] direction28, εxx, εyy, and εzz are connected through
the Poisson effect: εyy = εzz = −νεxx where ν is the Poisson
ratio. For GaAs48, ac =−7.17 eV, av = 1.16 eV, b=−1.7 eV
and ν = 0.318. This results in ∆E/εxx = −1.91 eV. In prac-
tice, the stress is applied along the [110] direction25. In this
case, we find that ∆E/ε110 = −1.80 eV (−435 THz). (The
slight difference with respect to stress along [100] arises from
the anisotropy in the stiffness tensor for GaAs.) Based on the
measured frequency shift and this calculation, we estimate the
maximum strain experienced by the QD at +143 V (−143 V)
to be ε110 = −1.18× 10−3(+1.47× 10−3). The heavy hole-
light hole mixing in GaAs QDs could be slightly affected28 by
the applied stress, potentially reducing the ε110 values.
Figure. 2(b) shows the resonance fluorescence of a selected
area in Fig. 2(a) with a higher resolution. The QD resonance
features a bright and narrow line as its frequency is tuned con-
tinuously by the strain. The linewidth (γ) of the QD, shown as
a function of the frequency in Fig. 2(c), stays narrow through-
FIG. 2. (a) Frequency of single QD resonance fluorescence tuned as a
function of the voltage applied to the PZT stacks (purple curve). For
each data point, the frequency is determined by scanning a narrow-
bandwidth laser across the QD resonance. The back-scattered laser
is suppressed with a polarization-based dark-field microscope so
that the QD signal can be detected. To ensure a good signal-to-
background ratio, the laser suppression is monitored for every step
and readjusted if necessary. The orange dashed line indicates the
frequency of the 87Rb D1 line. (b) A zoomed-in plot of a selected
area in (a). The QD stays bright and narrow independent of the in-
duced strain. The readjustment of the laser suppression is not nec-
essary for this measurement. (c) The QD linewidth as a function
of the frequency tuning with respect to the frequency at zero ex-
ternal stress. (d) Three different resonance fluorescence scans are
plotted together in each case with normalised intensity. Blue, yel-
low and green symbols indicate the conditions where zero stress,
maximum compression and maximum tension is applied to the QD,
respectively (see (a)). A Lorentzian curve (grey curve) provides
a good fit to all three data sets. The full-width-at-half-maximum
(FWHM) is 1.26± 0.02 GHz. (e) Intensity of the resonance fluo-
rescence (red squares) versus normalised Rabi frequency Ω/Γ with
a fit (blue curve) of a two-level model.
out the whole tuning process. γ fluctuates slightly with a
standard deviation of 0.07 GHz and a mean value of 1.33
GHz, but there is no obvious dependence on the transition
frequency. Figure. 2(d) plots three different resonance fluo-
rescence scans, where different colours denote different ap-
plied stress (see Fig. 2(a)). The grey curve is a Lorentzian fit
to the blue data points (zero strain), indicating a linewidth of
1.26±0.02 GHz. The same fit matches the other two data-sets
similarly well. Despite the sizeable shift in emission energy,
the spectral properties (such as spectral shape and linewidth)
of the QD emission remain unaffected by the strain. We de-
scribe the tuning with a dynamic factor, the ratio of the total
tuning range (R) to the resonance fluorescence linewidth, and
find R/γ ' 920. We observed similar results for three other
QDs in the region of the sample that is close to the middle of
the gap.
In order to characterise the single-photon property of the
emission, we perform a Hanbury Brown and Twiss (HBT)
measurement under CW resonant excitation. We send the QD
4FIG. 3. Measured second-order correlation function g(2)(τ)/α at (a)
maximum tension, (b) zero stress, (c) maximum compression under
resonant CW excitation. In all three cases, the dip around zero de-
lay (τ = 0) drops close to zero, indicating single-photon emission
from the QD. The fitting function Eq. (1) is implemented to subplot
(b), yielding a decay rate Γ = 2pi× 0.97 GHz and a Rabi frequency
Ω= 4.71 GHz. The Rabi frequency might be slightly different in (a)
and (c) since the QD position relative to the laser beam might change
slightly when experiencing the stress. The measured second-order
correlation function is normalised to one at times of a few nanosec-
onds. Similar to observations in Ref. 12, the g(2) shows a blinking
on longer timescales. The blinking is a result of noise and is indi-
cated by the factor α (α ∼ 10). To normalise the g(2) correctly, the
method in Ref. 49 is used.
signal through a 50:50 beamsplitter and on to two supercon-
ducting nanowire single-photon detectors. Figure. 3 displays
the measured second-order correlation function g(2)(τ) as a
function of delay τ in three different conditions: (a) with max-
imum tension (−143 V applied), (b) zero stress (0 V), (c) with
maximum compression (+143 V applied). In all three cases,
the QD photons are time-tagged for over an hour with stable
count rates (drifts < 3% within 60 minutes), demonstrating
that our strain tuning technique is suitable for measurements
involving long integrations over time. When changing the ap-
plied stress, such a stability is reached after a waiting time on
the minute time-scale.
Within a two-level model, g(2)(τ) is given by12:
g(2)(τ) = 1− e− 3Γτ4
(
cosλτ+
3Γ
4λ
sinλτ
)
(1)
with λ =
√
Ω2− Γ216 , where Γ represents the upper-level
decay-rate, and Ω the Rabi frequency. The model neglects
the effect of spectral wandering. Spectral wandering, which
can be effectively considered as a randomly varying detun-
ing δ , has an impact on g(2)(τ) since a non-zero δ in-
creases the effective Rabi frequency11,50,51. Assuming the
spectral wandering follows a probability distribution P(δ ),
and taking into account that the signal intensity is reduced
when the excitation laser is detuned from the QD resonance,
the second-order correlation function becomes: g˜(2)(τ) ∝∫
dδ g(2)(τ,δ )P(δ )L(δ )2, where g(2)(τ,δ ) is the second-
order correlation function for a certain detuning δ , and L(δ )
is the Lorentzian lineshape of the QD resonance fluorescence
depanding on the values of Γ, Ω and without spectral wan-
dering. In our case, we find that the second-order correlation
function is only weakly affected by spectral wandering. The
reason is that the contribution of g(2)(τ,δ ) drops quadratically
as the signal intensity L(δ ) decreases (δ increases).
The relationship between Γ and Ω is extracted from the
power saturation curve in Fig. 2(e). Subsequently, based on
Eq. 1 the two-level model for g(2)(τ) is fitted to the exper-
imental data Fig. 3(b), where we obtain Γ = 6.12 GHz (ra-
diative lifetime 163 ps; linewidth transform-limit Γ/2pi =
0.97 GHz) and Ω= 4.71 GHz. The two-level model describes
the data well. In particular, g(2)(0) is zero in the model and
this crucial feature – it signifies photon antibunching – is ob-
served in all the three experimental data sets (the measured
g(2)(0) is zero to within the error of 2%). This shows that the
QD is a good single-photon emitter at zero strain and retains
this property under both tensile and compressive strain.
In summary, we present bidirectional frequency tuning of a
narrow-linewidth QD by external stress. Our results show that
strain tuning can be used as a non-destructive method to mod-
ify QD emission frequency over large ranges, neither broaden-
ing the linewidth nor reducing the single-photon purity. Com-
pared to other platforms such as Pb(Mg1/3Nb2/3)O3-PbTiO3
(PMN-PT) based devices, which have been widely used for
nano-membranes, our strain tuning apparatus provides a con-
venient way of applying stress to thick wafers with long-time
stability (in hours) and high precision. The tuning range can
be extended further by applying larger voltages to the PZT
stacks (e.g. ±300 V with reduced helium pressure), by reduc-
ing the gap in the strain device, and possibly by softening the
sample. Our technique can be also applied to other materi-
als, e.g. vacancy centres in diamond, for inducing strain and
frequency matching52,53. The next step towards the realisa-
tion of a QD-rubidium hybrid quantum network node is to
improve further the QD sample quality – to generate single-
photons without blinking and with linewidths at the transform
limit. This can be achieved by embedding the QDs into a suit-
able diode structure11. In this case, the strain-amplification
device can be used for large-range frequency tuning, while
the quantum-confined Stark effect can be used as a fast switch
to bring a QD in and out of resonance with rubidium atoms.
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